Objective: The diagnosis of GH deficiency (GHD) in children and adolescents is established when GH concentrations fail to reach an arbitrary cut-off level after at least two provocative tests. The objective of the study was to define the optimal GH cut-offs to provocative tests in children and adolescents. Design: Retrospective study in 372 subjects who underwent evaluation of GH secretion. GH and IGF-I were measured by chemiluminescence assay in all samples. Receiver operating characteristic (ROC) analysis was used to evaluate the optimal GH cut-offs and the diagnostic accuracy of provocative tests. Methods: Seventy four patients with organic GHD (GH peak <10 µg/L after two provocative tests) and 298 control subjects (GH response >10 µg/L to at least one test) were included in the study. The provocative tests used were arginine, insulin tolerance test (ITT) and clonidine. Diagnostic criteria based on cut-offs identified by ROC analysis (best pair of values for sensitivity and specificity) were evaluated for each test individually and for each test combined with IGF-I SDS. Results: The optimal GH cut-off for arginine resulted 6.5 µg/L, 5.1 µg/L for ITT and 6.8 µg/L for clonidine. IGF-I SDS has low accuracy in diagnosing GHD (AUC = 0.85). The combination of the results of provocative tests with IGF-I concentrations increased the specificity.
Introduction
The diagnosis of growth hormone (GH) deficiency (GHD) during childhood is classically based on clinical assessment, combined with laboratory tests of the GH-insulinlike growth factor (IGF) axis and radiological evaluation (1, 2, 3) . Stimulation tests are commonly used to assess pituitary GH secretory capacity. GHD is traditionally confirmed when peak GH concentration does not reach the established cut-off level after two different stimulation tests (1, 2, 3) . A large number of stimulation tests for GH secretion have been proposed in the last 50 years (4). The cut-off level was initially set at 5-7 μg/L, and subsequently was arbitrarily increased to 10 μg/L (5, 6, 7, 8, 9, 10) . The choice of this single fixed cut-off level consider neither the type of stimulus nor the variation in response due to gender, age, puberty, BMI and other factors. The interpretation of the results of the provocative tests has proven to be problematic for many other reasons including nonphysiological test procedures, type of stimulation test and type of assay. In fact, several GH assays are available, making it difficult to compare results from different laboratories (11, 12) . Based on the foregoing, it has been made clear that provocative tests have low reproducibility, specificity and sensitivity (13) .
IGF-I, which mediates most of the growth-promoting action of GH, is also commonly used in the diagnostic workup of GHD. IGF-I shows little diurnal variation and has good specificity. However, it is markedly influenced by nutritional status, and there is still the need for an acceptable IGF-I standard reference preparation. It has been shown that IGF-I concentration does not correlate with the GH response to stimulation tests (14, 15) .
Based on these premises, we designed a retrospective study in order to define the most appropriate cut-off limits for GH peak after different stimulation tests. We used receiver operating characteristic (ROC) curve analysis to generate the best pair of values for sensitivity and specificity (16) in a large group of children and adolescents with an unequivocal diagnosis of GHD and in control children who underwent GH stimulation tests with insulin hypoglycemia (insulin tolerance test (ITT)), arginine and clonidine. Serum GH was measured in all samples using the same immunoassay.
Subjects and methods

Subjects
Data were collected from 372 children and adolescents (237 boys and 135 girls, 205 prepubertal and 167 pubertal, median age 10.5 (6.5; 13.5), H-SDS −2.4 (−2.8; −1.9). These children underwent diagnostic procedures for suspected GHD according to the consensus guidelines (1), including GH secretion studies after exclusion of other causes for their shortness. All children included in the study were seen in five Pediatric Endocrine Units in Italy (Bologna, Bolzano, Cagliari, Genova and Roma) between 2005 and 2013.
The subjects were subdivided into patient group (cases) and control group (controls). Their main clinical characteristics are summarized in Table 1 .
The cases consisted of 74 patients with an established diagnosis of GHD of organic origin (55 central nervous system tumors including craniopharyngioma (n = 32), germinoma (n = 17), astrocytoma (n = 2), pituitary adenoma (n = 1), glioma (n = 3); 18 malformations including empty sella (n = 3), ectopic neurohypophysis and/or pituitary hypoplasia (n = 14), ethmoidal-sellar cephalocele (n = 1); 1 PROP1 mutation) ( Table 1) . At the time of diagnosis, all patients had presented reduced height-velocity (HV)-SDS (median 2 (−3.5; −1)). In 35 patients (47.3%), the diagnosis of GHD was established before recognition of its cause (tumor/malformation). Forty three patients had additional pituitary hormone deficiencies (15 TSH, 1 ACTH/cortisol, 27 both TSH and ACTH). Patients with additional hormone deficiency received appropriate replacement therapy with hydrocortisone and/or l-thyroxine.
The controls consisted of 298 children who underwent GH stimulation tests for their short stature (Table 1) . Their HV at the time of evaluation was normal and were ultimately found to have a GH response >10 µg/L to at least one test.
Methods
The three stimulation tests used in this study were arginine, ITT and clonidine. The tests were performed in a random order. All tests were performed between 08:00 and 09:00 after overnight fasting. Arginine test was performed in 61 cases and 151 controls. Arginine was administered intravenously (0.5 g/kg, max 30 g) during 30 min and blood samples for GH determination were collected at times −30, 0, 15, 30, 45, 60, 90 and 120 min. ITT was performed in 46 cases and 60 controls. Insulin was administered intravenously (0.05-0.1 U/kg) and blood samples for GH and glucose determinations were collected at times 0, 30, 60, 90 and 120 min. A nadir glucose value during ITT below 40 mg/dL (2.2 mmol/L) was recorded in all subjects at time 30 min. Clonidine test ) and blood samples for GH determination were collected at times 0, 30, 60, 90 and 120 min. Stimulation tests were performed on separate days (at least 2 days apart). IGF-I was also determined in 334 children at baseline (58 cases and 276 controls). Steroid priming was not used in any of the subjects. Brain MRI was performed in all children with a GH response <10 μg/L after two stimulation tests. Ten subjects had a peak GH <10 after two stimulation tests and a normal MRI. In these patients, a third test was performed few months apart which resulted normal.
Assays
Serum GH and IGF-I were measured by chemiluminescent immunometric assay (Immulite 2000; Diagnostic Products Corp, Los Angeles, CA, USA). GH assay was calibrated against the recommended IS 98/574. IGF-I assay was calibrated against the WHO IRR 87/518. The sensitivity of the method was 0.01 μg/L for GH and 2.6 nmol/L for IGF-I. The GH intra-and interassay coefficients of variation were, respectively, 4.2-6.6 and 2.9-4.6% at GH levels of 2.6-17 μg/L. The intra-and interassay coefficients of variation for IGF-I were 3.4 and 7.1% respectively. Consistency of assay performance was assessed by regular use of internal controls.
Statistical analysis
Distribution of the data was evaluated using KolmogorovSmirnov test. GH peak after ITT in patients and age, H-SDS, and GH peak after clonidine in controls were the only not normally distributed variables. Comparisons between two groups were performed using the Student t-test for normally distributed variables and the Mann-Whitney U-test for not normally distributed variables.
The possibly confounding effect of age, gender, puberty and BMI-SDS on peak GH and IGF-I was assessed by multiple regression analysis performed in cases and controls separately.
ROC analysis was applied to evaluate the statistically best cut-off value in order to provide the best pair of values for sensitivity and specificity. To compare the diagnostic accuracy of the tests the area under the curve (AUC) with 95% confidence interval (CI) was calculated. Likelihood ratios for a positive test result (LR+) and efficiency (the number of correct results divided by the total number of tests) were provided as a measure of diagnostic accuracy.
Diagnostic criteria based on cut-offs identified by ROC analysis were evaluated for each test individually and for each test combined with IGF-I SDS (considering as positive a subject who was positive on each test). The association between test results and the presence of disease was evaluated by Pearson χ 2 test.
H-SDS and BMI-SDS were derived from the Italian reference data (17) . HV-SDS was derived from Tanner's charts (18) . IGF-I-SDS was calculated using the normative data for the method (19) . All values are reported as median and interquartile range (IQR) (continuous variables) or as counts and percentages (categorical variables). Sensitivity, specificity, positive and negative predictive values (PPV, NPV), and diagnostic accuracy were expressed as percentage. P < 0.05 (two sided) was considered significant. All statistical calculations were performed using STATISTICA version 9.1 software (StatSoft Inc, Tulsa, OK, USA).
Results
Subjects' characteristics
All clinical and biochemical characteristics of the subjects are summarized in Table 1 . The median age of the patients was higher than in controls. However, age had a significant effect of the GH peak neither in the patients nor in the control group. Likewise, multiple regression analysis excluded a significant influence of gender, and puberty on GH responses, except for pubertal status and age that significantly influenced the GH peak after clonidine in controls (B = −0.45, P = 0.041; B = 3.14, P = 0.049 respectively). However, the median peak GH after clonidine in prepubertal and pubertal controls was similar (13.4 (10.3-18.8) μg/L; 12.6 (10-19.5) μg/L, respectively; P = 0.88). Therefore, they have been considered together in the statistical analysis.
We found a significant correlation between BMI-SDS and the GH peak after arginine and clonidine, and IGF-I SDS in controls (B = −1, P = 0.034; B = −1.65, P = 0.0003; B = 0.14, P = 0.019 respectively). However, the number of patients with pathological BMI was small and did not consent to stratify the population according to their BMI.
Mean peak GH to all three stimulation tests was significantly lower in the cases than in the controls (data not shown). Likewise, mean baseline IGF-I SDS concentrations were significantly lower in the cases than in the controls (data not shown).
Fifty, 39 and 10 patients had a GH peak <10 after the arginine, clonidine and ITT tests performed as the first test, respectively, and a normal response to a second test.
Age, H-SDS and BMI-SDS were significantly higher in the GHD patients than in controls. Many of the GHD patients had craniopharyngioma, and it is well known that growth retardation in these patients is often associated with weight gain (20) . After 1-2 years, their HV-SDS significantly increased (2.2 (0.3; 4.2, P < 0.0001).
Cut-off identification
Results of ROC analysis are shown in Figs 1, 2 and Table 2 . The AUC (measure of discriminative ability of the test) for arginine was 0.96 (95% CI: 0.93-0.99), ITT was 0.97 (95% CI: 0.95-0.99), clonidine was 0.95 (95% CI: 0.9-1) and IGF-I SDS was 0.85 (95% CI: 0.79-0.9). For arginine, the best pair of values for sensitivity and specificity was found at a peak GH of 6.5 μg/L (LR+ 11.76, efficiency 92.5%). For ITT, the optimal peak GH cut-off point was 5.1 μg/L (LR+ 10.96, efficiency 91.5%), and for clonidine, it was 6.8 μg/L (LR+ 33.97, efficiency 96.3%). ROC analysis of IGF-I SDS showed the best diagnostic accuracy at a cut-off of −1.8 SDS (LR+ 3.17, efficiency 75.5%).
Cut-off application and test combination
Then we applied the cut-off limits identified (Table 3) . Arginine alone exhibited a sensitivity of 94%, specificity of 92.7%, LR+ of 12.84 and efficiency of 93%. When arginine was combined with IGF-I SDS, the sensitivity was 77.1%, specificity 95.6%, LR+ 17.6 and efficiency 90.8%.
ITT alone exhibited a sensitivity of 94.4%, specificity of 89.6%, LR+ of 9.07 and efficiency of 91.7%. ITT combined with IGF-I SDS exhibited a sensitivity of 80.6%, specificity of 95.8%, LR+ of 19.33 and efficiency of 89.3%.
Clonidine alone exhibited a sensitivity of 88.5%, specificity of 97.3%, LR+ of 33.26 and efficiency of 96.3%. Clonidine combined with IGF-I SDS exhibited a sensitivity of 65.4%, specificity of 98.4%, LR+ of 40.97 and efficiency of 94.4%.
Discussion
In the 1960s, some studies showed that GH serum concentrations rose after various stimulation tests in children with idiopathic short stature but not in children with GHD (5, 6, 7, 8, 9, 10). These studies were performed in small numbers of short children and led to the definition of a cut-off value for GH peak between 5 and 7 µg/L. When biosynthetic GH became available in 1985, the GH limit was arbitrarily increased to 10 µg/L (1), with the same cut-off applied to children of all ages and both sexes (13) . Although biochemical tests for GH secretion clearly distinguish children with severe GHD of pituitary origin, recognition of more subtle forms of GH insufficiency still presents a diagnostic dilemma. Furthermore, more than 70% (up to 100% in some studies) of isolated idiopathic GHD patients diagnosed in childhood have normal GH responses to stimulation when retested at the end of statural growth or even a few months apart (21, 22, 23) . Spontaneous resolution of transient GHD in adolescence has been proposed. However, false-positive results to GH provocative tests may account for the discrepancy in GH responses (22) . Many factors may be involved in this variability in the GH response to the stimulation test including age, sex, nutrition and BMI (24) . In our cohort, ten children failed the first two test, but since they had a normal MRI and no evidence of other disease, they were retested after 3-6 months and all had a peak GH >10 µg/L. We recognize that some patients with IGHD may well have a permanent deficit which will not normalize at retesting either shortly or at the end of statural growth. However, no patient with such characteristics was present in our cohort.
IGF-I measurement may help in the diagnosis of GHD but presents some limitations. The regulation of IGF-I secretion and action is complex, and many factors, such as age, endogenous GH secretion, BMI, physical fitness, glucocorticoids, sex steroids and increased IGFBP-3 binding capacity, are potential determinants of IGF-I serum concentration (2, 12, 13) . We and others (25, 26, 27) have shown that in patients with severe unequivocal GHD, IGF-I concentrations are invariably reduced, while as many as 30% of children with idiopathic GHD show normal IGF-I concentrations (28) . A considerable overlap has been shown between children with GHD and children with idiopathic short stature, making it impossible to discriminate between the two groups (2, 14, 29) .
Among the numerous GH provocative tests, arginine, ITT and clonidine are routinely used in most centers to evaluate GH secretion in children and are among the preferred tests in the last Consensus Guidelines (1). In our study, we applied ROC analysis for these three different stimulation tests.
Arginine stimulates GH secretion via inhibition of endogenous somatostatin release, and enhances the GH response to exogenous GHRH (29, 30) . In our study, ROC curve analysis showed an AUC of 0.96, which classifies the arginine test as highly predictive in the diagnosis of GHD (16) . Moreover, ROC curve analysis indicated that a peak GH of 6.5 μg/L provides the best pair of sensitivity and specificity. This GH cut-off value allows to correctly identify 92.5% of patients. Binder et al. (31) identified the best diagnostic accuracy at a GH peak of 6.6 μg/L (sensitivity 84.3%, specificity 82.4%, AUC 0.83). Ghigo et al. (29) found that in 12.6 and 32.9% of normally growing children, the peak GH responses were lower than 7 and 10 µg/L respectively.
Insulin-induced hypoglycemia has been used for decades to test GH secretion and is considered the gold standard (32, 33) . Also, hypoglycemia lowers hypothalamic somatostatin tone, thereby increasing GH release. Our results showed that ITT has a high predictive value in the diagnosis of GHD (16), with AUC of 0.97 in ROC analysis. The cut-off value with the best pair of sensitivity and specificity was 5.1 μg/L. This cut-off allows to correctly Table 3 Diagnostic accuracy of GH stimulation tests alone and associated with IGF-I SDS (positivity to each test to be affected).
Only patients with available IGF-I measurement included. identify 91.5% of patients. In normally growing children (29) , the mean GH response to ITT was 13.2 ± 1.2 μg/L (range 2.7-46.4). In this population (29) , using a cut-off of 3 μg/L, the prediction of GHD is 100% and lowers to 85% when a cut-off of 10 μg/L is considered. Clonidine is an alpha-receptor agonist that stimulates GH secretion by a central mechanism, probably by inducing endogenous GHRH release (29, 30) . In our study, the ROC analysis showed that the clonidine test has a high predictive value with an AUC of 0.95 (16) . The best diagnostic accuracy is at peak GH of 6.8 μg/L. This cut-off value allows to correctly identify 96.3% of patients. Silva et al. (34) determined the normal GH peak values after clonidine stimulation in normal prepubertal children using an IFMA and suggested the use of a cut-off value of 3.3 μg/L, which yields 100% sensitivity with 93% specificity to exclude the diagnosis of GHD. In normally growing children (29) , the mean GH response to clonidine stimulation was 13.1 ± 1.8 μg/L (range 3.8-86). In 10.1 and 23.2% subjects, the peak GH responses were lower than 7 and 10 μg/L respectively.
Recently, Wagner et al. (35) , re-evaluated the cut-off value in diagnosis of GHD, using ROC analysis and Youden index, in 44 GHD children and 52 controls tested with arginine, ITT and glucagon. They identified 7.09 µg/L as the cut-off point where the rate of correct classification was at its maximum. The cut-off they obtained for the chemiluminescent immunometric assay (Immulite 2000) after correction was 7.77 µg/L, which is higher than in our results.
Despite the above-discussed limitations, IGF-I may be helpful in the diagnosis of GHD. Binder et al. (31) defined new limits for IGF-I SDS for screening purposes, and in their population, 100% sensitivity was provided by an IGF-I cut-off value of −1.4 SDS. This value, however, shows very low specificity and an AUC of 0.8, indicating the poor accuracy of the test. In our study, IGF-I SDS alone shows moderate prediction power in the diagnosis of GHD with an AUC value of 0.85 (16) . The most accurate cut-off level for IGF-I SDS was −1.8 SDS, but still with moderate low sensitivity and specificity (79.3 and 75% respectively). Despite the low efficiency of IGF-I SDS (75.5%) alone in diagnosing GHD, IGF-I SDS combined with GH peak after provocative test increases the specificity of the test results, reaching 95.6% for arginine, 95.8% for ITT and 98.4% for clonidine. Thus, combining the results of the stimulation tests with IGF-I measurement reduces the risk of falsenegative results.
Despite the well-known poor diagnostic accuracy (13), GH stimulation testing is a routine procedure in most pediatric endocrinology centers. Although current guidelines still indicate a cut-off of 10 μg/L, such value is not supported by robust clinical data (1) and, most likely, produces a high number of false-positive results. These observations, coupled with the results of this study, suggest that this limit should be reconsidered. Our study has the advantage of being conducted on a well-selected, large population of patients with an unequivocal diagnosis of GHD of organic origin. Furthermore, GH and IGF-I were measured by the same chemiluminescence assay in all samples. The study has the limitation of being retrospective, despite these testing procedures and the assays used were homogeneous among the five centers involved in the study.
In conclusion, this study shows that the cut-off limits of peak GH after provocative tests, which better discriminate between normal children and children with GHD, are lower than those reported in the current guidelines (1), and differ according to the stimulation test. IGF-I alone is characterized by low diagnostic accuracy but is useful in combination with results of GH stimulation testing. Thus, based on these results, new normal values for the GH peak after stimulation test should be established.
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